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The hybrid energy system (solar, wind and diesel) is a good way to supply the electricity 
for some remote places that are hard to connect to the power grid and some areas where 
storms and other catastrophic events cause long-term power outages from power grid. What 
is more, in order to control the global warming and reduce the pollutant emissions, changing 
fuel power generation to renewable power generation is significant.  
In this thesis, take Lexington, Kentucky as a case study, a hybrid power system is 
designed to supply electricity for 20 households. The research makes a load analysis in 
different time periods and different seasons, collects the local solar and wind speed data, 
makes the structure of hybrid renewable power system, discusses the parameter and price of 
component parts of the system, forms different schemes based on different sizes or quantity 
of component parts. Then, the optimization method is introduced, the first step is to filter the 
qualified schemes that meet the requirements of system operation, the second step is to rank 
these qualified schemes with the net present cost.  
From the optimization analysis and calculation, the optimal scheme is picked out from 
  
 
 
thousands schemes. Compared with sole renewable power system, PV-wind-diesel-battery 
hybrid power system has a good power supply quality and the lowest total NPC, COE. At last, 
a simulation is made for the hybrid energy system designed in this thesis, which proves that 
this system meets the electricity requirements and has a good economic effect. The pollutant 
emission data analysis shows that the hybrid energy system is a very good way to alleviate the 
global pollution problem. 
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Chapter I: Introduction 
Electricity power is necessary for people’s daily life and production. The power system 
has four parts: power generation, power transmission, voltage transformation, and power 
consumption. In some remote farms, tree farms and islands, it is not easy to build a 
transmission and transformation system for a small demand of electricity. In addition, storms 
and other catastrophic events always cause long-term power outages from grid power. A 
typical example is the recent situation in 2012 when a tornado hit West Liberty and other 
communities in Kentucky causing several weeks of power outage. What is more, global 
warming is more concerned, changing fuel power generation to renewable power generation 
is a good way to reduce the pollutant emissions. So, it is necessary to build an off-grid micro 
renewable power system for these reasons. 
 
Figure1.1: A transformer substation destroyed by the tornado (Kelley, 2012) 
      With the development of renewable energy, which is a source of power for generation 
technology, solar power generation and wind power generation become good choices for 
off-grid micro power system, which do not need a fuel supply. In 2011, the International 
Energy Agency (2011) said that “the development of affordable, inexhaustible and clean solar 
energy technologies will have huge longer-term benefits. It will increase countries’ energy
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security through reliance on an indigenous, inexhaustible and mostly import-independent 
resource, enhance sustainability, reduce pollution, lower the costs of mitigating climate 
change, and keep fossil fuel prices lower than otherwise”. In most of the United States, wind 
speeds are low in the summer when the sun shines brightest and longest. The wind is strong 
in the winter when less sunlight is available, which makes the peak operating times for wind 
and solar systems occur at different times of the day and year. In consideration of the 
complementarity of solar and wind, solar-wind hybrid power systems have been designed and 
implemented. 
 
Figure 1.2: A small size solar-wind hybrid power system (Wheelan, 2011) 
 The purpose of this thesis is to optimize and simulate a hybrid power supply system for 
some places where it is hard to connect the power grid or the storms and other catastrophic 
events cause long-term power outages from the power grid. And this type of hybrid energy 
system can be used to build clean energy system, which can control the global warming and 
reduce the pollutant emissions. 
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Objectives 
1. This thesis designs different schemes of a hybrid system (solar energy, wind energy, and 
diesel). It includes making a load calculation in different time periods and different 
seasons, collecting the data of solar and wind speed, building the structure of hybrid 
renewable power system, discussing the parameter and price of system component parts. 
A case study in this work is based on data for Lexington, Kentucky. 
2. The study identifies the most optimized system scheme by calculating, analyzing and 
comparing different proposed schemes. 
3. The thesis makes a simulation of the optimal system scheme to analyze the power supply 
quality and economic effect.  
Statement of the Problem 
 As there are many differences of solar and wind resources in different places, the 
solar-wind hybrid system should be designed based on the special location situation. This 
thesis will design, optimize and simulate a hybrid energy system, using data for Lexington 
Kentucky as a case study. The research will solve the following questions: How is the 
feasibility of hybrid renewable power system in Kentucky? How to design different 
alternative schemes of the hybrid energy system? How to get the optimal system? How about 
the power supply quality, capital cost, operation cost, and pollutant emissions of the system? 
Significance of the Study 
First, solar and wind resources vary widely in different places. In a hybrid energy system, 
the power proportion of wind, solar and diesel affects the reliability and economy of the 
system. In order to build a solar-wind-diesel hybrid system that can supply stable power and 
cost as little as possible, it is necessary to optimize and simulate the system.  
Second, the research makes the government and investors know the feasibility, power 
supply quality, capital cost and operation cost of hybrid renewable power system in Kentucky, 
which will help them make the investment plan. 
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Assumptions  
1. The solar-wind hybrid power system is optimized based on the statistics data of solar and 
wind resources in Lexington, Kentucky. I assume that the situation of solar and wind 
resources will have no big change in the future. 
2. The capacity of the solar-wind system is designed based on the electricity demand of 20 
households in Lexington, Kentucky. I assume that the value of load will keep steady in 
the future. 
3. The calculation of cost for the solar-wind system and the wind- diesel system is based on 
the current price of equipment and fuel. I assume that the price will keep steady in a short 
period. 
Limitations 
The calculation of the reliability of power supply is based on the statistical data. Because 
the solar and wind situations during actual operation are different from the statistical data, the 
calculated value of the reliability will have an error.  
Definition of Terms 
1. The off-grid power system 
The off-grid power system can be a stand-alone system (SHS) or a mini-grid that is not 
connected to the main or national electrical grid, which can provide a smaller community 
with electricity. Off-grid electrification is an approach to access electricity used in the areas 
with little access to electricity, due to scattered or distant population.  
2. Solar radiation value 
Solar radiation refers to the electromagnetic wave and particle flow launched by the sun. 
Solar radiation value refers to the solar radiation energy that one square meter of land 
receives. We use the unit “mJ/m2” to measure it.  
3. The clearness index  
The clearness index is a measure of the clearness of the atmosphere. It is the fraction of 
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the solar radiation that is transmitted through the atmosphere to strike the surface of the Earth. 
It is a dimensionless number between 0 and 1, defined as the surface radiation divided by the 
extraterrestrial radiation. The clearness index has a high value under clear, sunny conditions, 
and a low value under cloudy conditions (Tom Lambert, 2004). 
4. Battery roundtrip efficiency 
The round trip DC-to-storage-to-DC energetic efficiency of the battery bank, or the 
fraction of energy put into the battery that can be retrieved. Typically it is about 80%. This 
thesis assumes the battery charge efficiency and the battery discharge efficiency are both 
equal to the square root of the roundtrip efficiency. (Tom Lambert, 2004) 
5. The reliability of power supply 
The reliability refers to the ability of a power system to supply stable electricity. It is an 
important indicator of power quality for a power supply system. We use the following 
formula to calculate it:  
The value of reliability = the number of hours the system supply stable electricity per year ÷ 
(24×365) 
6. NPC 
The total net present cost (NPC) of a system is the present value of all the costs that it 
incurs over its lifetime, minus the present value of all the revenue that it earns over its 
lifetime. Costs include capital costs, replacement costs, operation and maintain costs, fuel 
costs, emissions penalties, and the costs of buying power from the grid. Revenues include 
salvage value and grid sales revenue. 
7. Salvage value  
Salvage value is the value remaining in a component of the power system at the end of 
the project lifetime. This thesis assumes linear depreciation of components, meaning that the 
salvage value of a component is directly proportional to its remaining life.  
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8. COE 
COE is the levelized cost of energy. It is the average cost per kWh of useful electrical 
energy produced by the system. To calculate the COE, this thesis divides the annualized cost 
of producing electricity by the total electric load served. 
9. The discount factor  
The discount factor is a ratio used to calculate the present value of a cash flow that occurs in 
any year of the project lifetime is a ratio used to calculate the present value of a cash flow that 
occurs in any year of the project lifetime. (Lambert, 2004) 
10. Converter 
Any system that contains both AC(alternating current) and DC(direct current) elements 
requires a converter. A converter can be an inverter (DC to AC) and rectifier (AC to DC).  
11. fPV 
 fPV is the PV derating factor [%]. In this thesis, fpv is set 80%. 
12. TG   
TG  is the solar radiation incident on the PV array in the current time step [kW/m
2
]  
13. ,T STCG  
,T STCG is the incident radiation at standard test conditions [kW/m
2
]. In this thesis, ,T STCG is 
1000.  
14. Ppv  
The PV array output power 
15. Pwind  
   The wind turbine output powe 
16. Pgenerator  
The generator output power 
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17. Pbattery  
The battery output power 
18.Pload  
  The load consumption power 
19.Punmet  
  The unmet power 
20. Ploss  
The loss power 
21. Pexc 
The excess power 
22. unmetW   
The unmet work per year 
23. consumptionW   
The load consumption work per year 
24. CRF()  
A function returning the capital recovery factor 
25. INT() 
A function that returns the integer amount of a real number. 
26. PV 
Photovoltaics (PV) is a method of converting solar energy into direct current electricity 
using semiconducting materials that exhibit the photovoltaic effect. 
 
 
 
 
8 
 
 
 
Chapter II: Review of Literature 
At the end of the 18th, people discovered fossil energy and how to transform it into 
electricity. This was the beginning of the "petrol era", causing pollution and difficult 
relationships, political as well as economical, between the countries controlling the petrol 
reserves, those having the wealth to buy petrol and the others. 
This "petrol era" has the three problems: fast growing risk of petrol reserves exhaustion, 
increasing pollution due to the emission of carbon dioxide and its consequences on the 
climate. 
It is important to be aware of the fact that except nuclear and geothermal power, all other 
energy sources are directly or indirectly generated by the sun. So people started to turn back 
to "those good old energy sources" in order to turn them into the energy of the future. 
2.1 Solar Energy Systems 
2.1.1 The History of Solar Power Generation 
In 1839 Becquerel discovered the photovoltaic, he observed a photocurrent when 
platinum electrodes, covered with silver halogen were illuminated in aqueous solution 
(Becquerel, 1839). In 1873, Willoughby Smith discovered the photoconductivity of selenium 
(Smith, 1873). In 1876, William Grylls Adams and Richard Evans Day discovered that 
selenium produces electricity when exposed to light, which that a solid material could change 
light into electricity (US Department of Energy, 2003) .In 1883, Charles Fritts discovered 
the first solar cells made from selenium wafers (US Department of Energy, 2003). In 1906, 
Pochettino is the first person got the observation of photoconductivity in organic compound 
(Pochettino, 1906). In 1916, Robert Millikan made an experiment to prove the photoelectric 
effect (US Department of Energy, 2003). In 1918, Polish scientist Jan Czochralski discovered 
a way to produce single-crystal silicon (US Department of Energy, 2003). In 1954, Bell 
laboratories developed the first inorganic photovoltaic cells (Chapin, 1954). In 1957, 
Photoconductivity in the N-vinyl-carbazole polymers was put in evidence(Hoegel, 1965). In 
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1963, Sharp Corporation succeeded in producing practical silicon photovoltaic modules. (US 
Department of Energy, 2003). In the 1970s, Dr. Elliot Berman and Exon Corporation, 
designed a much cheaper  solar cell, making the price from $100/W to $20/W. Solar cells 
began to work for power navigation warning lights and horns on many off shore gas and oil 
rigs, lighthouses, railroad crossings and domestic solar applications (US Department of 
Energy, 2003). In 1994, the National Renewable Energy Laboratory discovered a solar cell, 
which is made from gallium indium phosphide and gallium arsenide, it’s conversion 
efficiency was more than 30 (US Department of Energy, 2003). In 2000, BP Solarex 
developed a new thin-film solar modules, which is better than any previous production. It has 
the highest power output in the world (US Department of Energy, 2003). 
2.1.2 Modeling of PV Generator 
Solar cells can be connected in series and parallel to build a PV module to obtain the 
desired voltage and current output levels. Every solar cell is a P-N diode. When sunlight 
strikes a solar cell, the solar energy is converted to electricity. A single-diode model is used to 
simulate photovoltaic cells. Iph is photocurrent source, Rs is a nonlinear diode, Rp is internal 
resistances. The model is shown in Figure 2.1(Mustafa Engin, 2012). 
 
Figure 2.1 Single-diode mathematical model of a PV cell 
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In this thesis, (2-1) is used to calculate the output of the PV array:   
                 
,
T
p v p v p v
T S T C
G
P Y f
G
 
  
 
 
                     (2-1) 
Where: 
YPV is the rated capacity of the PV array, meaning its power output under standard test 
conditions [kW] (PV manufacturers rate the power output of their PV modules at standard test 
conditions (STC), meaning a radiation of 1 kW/m
2
, a cell temperature of 25°C). 
fPV is the PV derating factor [%]. In this thesis, fpv is set 80%. 
TG  is the solar radiation incident on the PV array in the current time step [kW/m
2
]  
,T STCG is the incident radiation at standard test conditions [kW/m
2
]. In this thesis, ,T STCG is 
1000.  
2.1.3 Solar Energy Generation and Tracking  
Solar maps provide average total solar resource information on grid cells. The insolation 
values represent the resource available to a flat plate collector, such as a photovoltaic panel, 
oriented due south at an angle from horizontal to equal to the latitude of the collector location. 
This is typical practice for PV system installation, although other orientations are also used. 
National Renewable Energy Laboratory (NREL) provides the following map shows the 
national solar photovoltaics (PV) resource potential for the United State based on the data 
from 1998 to 2005（NREL, 2005）. 
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Figure 2.2 U.S. Solar Resource Maps (NREL, 2005) 
Sherwood points out in his paper that solar power in Kentucky has been growing in 
recent years because of the new technological improvements and a variety of regulatory 
actions. For any size renewable energy project, the financial incentives has a 30% federal tax 
credit. Covering just one-fifth of Kentucky with photovoltaic cells would supply the power to 
all of Kentucky (Sherwood, 2012). 
A 2 MW single axis tracking solar farm began operation in 2011 in Bowling Green 
Kentucky. The first hospital in Kentucky that uses solar power was Rockcastle Regional 
Hospital in Mt. Vernon, KY, which installed a 60.9 kW array on the roof in 2011 (Sherwood, 
2012).  
In Sherwood’s paper, he calculated statistics on sun hours per day in Lexington, KY, 
which is shown in Figure 2.3, next page.  
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Figure2.3 Monthly sun hours per day for Lexington KY (Sherwood, 2012) 
2.2 Wind Energy System 
2.2.1 The History of Wind Generation 
In 1887, the first windmill for electricity production was built by Professor James Blyth 
of Anderson's College. The professor experimented with three different turbine designs, the 
last of which have powered his Scottish home for 25 years. (Price, Trevor, 2005) In 1888, 
Charles F. Brush built a larger and heavily wind turbine. The Brush turbine had a rotor 56 feet 
in and was mounted on a 60 foot tower. (Anon, 1890) 
In the 1890, Poul la Cour constructed wind turbines to generate electricity, which was used to 
produce hydrogen for experiments and Askov Highschool. His latest mill became the local 
power plant of the village Askov (Price, Trevor 2005). In 1920, Frenchman George Darrieus 
developed the first vertical axis wind turbine. The design, often referred to as the "eggbeater 
windmill," due to the appearance of its two or three blades, is still used today. (Niki Nixon, 
2008) In 1931, a forerunner of modern horizontal-axis utility-scale wind generators was built 
in Balaklava. This was a 100 kW generator on a 30 m tower, connected to the local 6.3 kV 
distribution system. It had a three-bladed 30-meter rotor on a steel lattice tower. It was not 
much different from current wind machines (Alan Wyatt, 1986). In 1941, the world's first 
megawatt-size wind turbine was connected to the local electrical distribution system in 
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Castleton, Vermont, USA. It was designed by Palmer Cosslett Putnam and manufactured by 
the S. Morgan Smith Company. This 1.25 MW Smith-Putnam turbine operated for 1100 
hours before a blade failed at a known weak point, which had not been reinforced due to 
war-time material shortages. (Noble Environmental Power, 2007). From 1956 to 1966, the 
Station d'Etude de l'Energie du Vent in France operated an experimental 800 KVA wind 
turbine (Cavey, 2004). In 1970, the United States government began research into large 
commercial wind turbines. Thirteen experimental turbines were put into operation and the 
research paved the way for many of the multi-megawatt technologies used today (Niki Nixon, 
2008) In 1981, NASA built a 7.5MW two-blade wind turbine, which broke records for blade 
diameter and energy output. (Niki Nixon, 2008) In 1991, Denmark created the first offshore 
wind farm, which consisted of 11,450kW turbines. (Niki Nixon, 2008) 
2.2.2 Modeling of Wind Generator 
Pw is the total power delivered to a wind turbine. Pw can be calculated by (2-2) (Johnson, 
2001 ): 
                         Pw=ρA u
3
/2                     (2-2) 
Where, ρ = air density, in kg/m3, 
A = swept area of turbine blades, in m
2
, 
         u = wind speed, in m/s 
The process that converting wind power to electricity causes efficiency loss. The 
electricity power output (Pe) can be calculated by (2-3) (Johnson, 2001 ): 
                         Pe=PwCpCtCg                              (2-3) 
 Where, Cp=Turbine efficiency 
          Ct=Transmission efficiency 
     Cg=Generator efficiency 
Different wind generators have different efficiency and power output performance curves. 
So, the model used to describe the performance of wind generators varies. For a specific wind 
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generator, a model should be developed according to its power output performance curve, 
which is given by the manufacturer (S. Diaf, 2007).  
In the thesis, the 10kW wind turbine made by Southwest Windpower will be used to 
build the hybrid renewable power system, the wind turbine characteristic curve is shown as 
the Figure 2.4 
 
Figure 2.4 The characteristic curve of a 10kW turbine made by Southwest Windpower 
(Southwest Windpower, 2011) 
2.2.3 Wind Energy Generation and Wind Speed Maps 
NREL's Geospatial Data Science Team offers a national wind resource assessment of the 
United States. The national wind resource assessment was created for the U.S. Department of 
Energy in 1986 by the Pacific Northwest Laboratory and is documented in the Wind Energy 
Resource Atlas of the United States, October 1986. This national wind resource data provides 
an estimate of the annual average wind resource for the conterminous United States, with a 
resolution of 1/3 degree of latitude by 1/4 degree of longitude (NREL, 2014).  
The U.S. Department of Energy's Wind Program and the National Renewable Energy 
Laboratory published the 80-meter high wind resource map for the United State and 
Kentucky. The wind resource maps (shown in figure 2.5 and 2.6, next page) show the statistic 
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mean annual wind speeds at an 80m height. The spatial resolution is about 2 kilometers that 
is a good scale for display.                   
 
Figure 2.5: U.S. Annual Average Wind Speed Map (NREL, 2014) 
 
Figure 2.6: Kentucky Annual Average Wind Speed Map (NREL, 2014) 
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2.3 Diesel Generator 
A diesel generator is the combination of a diesel engine with an electric generator. A diesel 
compression-ignition engine often is designed to run on fuel oil, but some types are adapted for other 
liquid fuels or natural gas. 
Diesel generating sets are used in places without connection to a power grid, or as emergency 
power-supply if the grid fails, as well as for more complex applications such as peak-lopping, grid 
support and export to the power grid. 
Fuel consumption is the major portion of diesel plant owning and operating cost for power 
applications, whereas capital cost is the primary concern for backup generators. Specific consumption 
varies, but a modern diesel plant will at its near-optimal 65-70% loading, generate 3 kWh/L. 
( Approximate Diesel Fuel Consumption Chart, 2012) 
 The big problem of diesel generator is the pollutant emissions. The typical emissions factors are 
as follows : (Homer, 2014 ) 
Carbon monoxide emissions factor: 6.5 g/ L of fuel 
Unburned hydrocarbons emissions factor: 0.72 g/ L of fuel 
Particulate matter emissions factor: 0.49 g/ L of fuel 
Proportion of fuel sulfur emitted as PM: 2.2 g/ L of fuel 
Nitrogen oxides emissions factor: 58 g/ L of fuel 
2.4 Hybrid (Solar and Wind) Power Generation Systems  
2.4.1 The concept and structure of hybrid power generation systems  
In recent years, renewable power generation has become good choice to meet 
environmental protection requirements and electricity demands. Because of the 
complementary between solar and wind energy resources, solar-wind-diesel hybrid systems 
present an unbeatable option for the supply of small electrical loads for some remote 
locations where no utility grid power supply exists (S Diaf,  2007).  
Sometimes, when there is no sun, there is plenty of wind. Compared with solar systems 
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or wind systems, the PV-wind hybrid system has two main advantages. The first one is that 
the reliability of the system is enhanced. Secondly, the size of battery storage can be reduced.  
A PV-wind-diesel hybrid power generation system’s main components are shown in 
Figure 2.7. PV cells and wind turbines generate electricity for the load. The diesel generator 
is the standby power. When there is excess energy, batteries will store it. When the generated 
energy does not supply enough for the load, diesel generator will supply the electricity. The 
battery charge controllers prevent battery overcharge or overdischarge. When the DC bus 
voltage is more than Vmax-off and the current required by the load is less than the current 
generated by the PV arrays and wind generators, PV cells and wind generators will be 
disconnected from the system. When DC bus voltage is less than Vmax-on, PV cells and wind 
generators will be connected again. In order to protect the battery against excessive 
discharging, when the DC bus voltage is less than Vmin- off, the load will be disconnected. 
When the current required by the load is more than the current generated by the PV cells and 
wind generators, the load will be switched on when DC bus voltage increases above Vmin-on. 
The inverter converts generated energy from DC to AC for an AC load (Mustafa Engin, 
2012).  
 
 
Figure 2.7: Schematic of a PV-wind-diesel hybrid power generation system  
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2.4.2 Related Literature of Hybrid Power Generation System 
Rory McIlmoil, Nathan Askins and Jason Clingerman gave a report about the 
opportunities for distributed renewable energy in Kentucky. This report points out the 
difference between distributed and centralized energy generation. The distributed renewable 
energy generation have a lot of economic and environmental benefits. They points out the 
vast renewable energy resources that are available in Kentucky and the policy tools that are 
available to promote the development of these resources (Rory McIlmoil et. 2012). 
The research claims that Kentucky Governor Beshear’s 2008 energy plan cited the need 
to “improve the quality of life for all Kentuckians by simultaneously creating efficient energy 
solutions and strategies, protecting the environment, and creating a base for strong economic 
growth.” The development of renewable energy can reduce greenhouse gas emissions and 
diversify the state’s energy portfolio through. The plan recognized that Kentucky has 
sufficient supplies of renewable energy to contribute to a clean energy future. (Rory McIlmoil 
et. 2012) 
 Although the recognition of the potential economic and environmental benefits of 
renewable energy development, Kentucky continues to rank poorly in terms of  
development of renewable energy. Kentucky is falling behind other states in the US because 
of a lack of strong policy supports and incentives. But getting any future renewable energy 
goals will require aggressive state investments in renewable energy and the establishment of 
new policies that support renewable energy generation. Further, it will require the recognition 
and valuation of the economic and environmental benefits that distributed renewable energy 
can provide. (Rory McIlmoil et. 2012) 
Rory McIlmoil’s research gave many reasons why Kentucky should increase support for 
the development of renewable energy generation, which can diversify the energy portfolio 
and change the centralized fossil fuel-based energy production. The report points out that an 
aging and inefficient electrical grid will rise energy costs. And the coal-fired electricity 
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generation has the impacts to public health and the environment. Another reason for it is to 
help stabilize energy prices and lower total energy costs for Kentuchy. From 2005, electricity 
prices have increased by an average of 8% every year. The electricity price increase resulted 
an increase of the coal price, which has risen by 10% annually. New regulatory compliance 
costs for Appalachian coal may accelerate the rising cost of coal and coal-fired electricity for 
Kentucky in the future. The renewable energy systems rely on free fuel, so they can help 
stabilize energy costs. Stabilizing future energy costs is only one of the many benefits that 
could be provided by a transition to distributed renewable energy. Other benefits include the 
following: the replacement of inefficient and occasionally unreliable centralized energy 
generation, the addition of a significant amount of base load power during times of peak load, 
a reduction in the total value of subsidies required per unit of energy produced, geater 
security against fossil fuel depletion, and significant environmental and public health 
improvements. (Rory McIlmoil et. 2012)  
  Ludwig (2013) points out that when wind turbines produce more electricity during 
the colder parts of the year, because greater wind in winter months. And solar cells generate 
much power in the summer, which will compensate for the little wind power production at 
summer. He makes a specific calculation to prove that the solar-wind hybrid system is better 
than individual solar systems and wind systems in efficiency.  
 This paper does the further study based on the above previous research. Some scholars 
have studied solar or wind stand-alone power generation systems based on Kentucky’s 
situation, but there is no article that gives specific solutions for the optimization plan of 
hybrid renewable power generation systems for Lexington, Kentucky. This thesis will 
analysis and calculate the optimal system scheme, and make a simulation. 
2.5 Simulation of Power Systems 
To verify the feasibility of a power system, it is necessary to make a simulation for the 
system. There are some different simulators in the electric power industry, “Homer 2” will be 
20 
 
 
 
used in this thesis.  
The simulation of the power system verifies the operation of a power system by making 
energy balance calculations in each time step of the year. For each time step, the simulator 
compares the electric and thermal demand in that time step to the energy that the system can 
supply in that time step, and calculates the flows of energy to and from each component of 
the system. For systems that include batteries or fuel-powered generators, simulator also 
decides in each time step how to operate the generators and whether to charge or discharge 
the batteries (Homer, 2014). 
 In this thesis, the following variable of a hybrid power generation system will be 
simulated. PV Average output: the average power amount of the PV array over the year, in 
kWh/day. PV Minimum output: the minimum power output of the PV array over the year, in 
kW. PV maximum output: the maximum power output of the PV array over the year, in kW. 
Solar penetration: the average power output of the PV array divided by the average primary 
load. Wind turbine total capacity: the highest possible power amount from the wind turbine(s), 
in kW. Wind turbine average output: the average power amount of the wind turbine over the 
year, in kW. Wind turbine minimum output: the minimum power output of the wind turbine 
over the year, in kW Wind turbine maximum output: the maximum power output of the wind 
turbine over the year, in kW. Wind penetration: the average power output of the wind 
turbine(s) divided by the average primary load. Wind turbine capacity factor: the average 
power output of the wind turbine(s) divided by the total wind turbine capacity. Wind turbine 
hours of operation: the number of hours of the year during which the wind turbine output was 
greater than zero. Wind turbine capacity factor: the average power output of the wind turbine 
(in kW) divided by its rated power. Wind turbine hours of operation: the number of hours of 
the year during which the wind turbine output was greater than zero. Diesel generator hours 
of operation: the total run time of the generator during the year. Number of diesel generator 
starts: the number of times the generator was started during the year. Diesel generator 
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operational life: the number of years the generator will last before it requires replacement. 
Diesel generator average electrical output: the average electrical power output of the 
generator over the hours that it runs. Diesel generator minimum electrical output: the lowest 
electrical power output of the generator over the year. Diesel generator maximum electrical 
output: the highest electrical power output of the generator over the year. Diesel generator 
average thermal output: the average thermal power output of the generator over the hours that 
it runs. Diesel generator minimum thermal output: the lowest thermal power output of the 
generator over the year. Diesel generator maximum thermal output: the highest thermal 
power output of the generator over the year. Diesel generator annual fuel consumption: the 
total amount of fuel consumed by the generator during the year. Diesel generator specific fuel 
consumption: the average quantity of fuel consumed per kWh of energy produced by the 
generator (Homer, 2014).  
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Chapter III: Methodology 
This chapter will make a load analysis in different time periods and different seasons, 
collect the data of solar and wind speed, build the structure of the hybrid energy system, 
analyze the parameter and price of system component parts, form different schemes of the 
system, and identify the optimized model.  
3.1 Load Calculation 
In this thesis, a hybrid energy system will be designed to supply electricity for 20 
households in Lexington, Kentucky. The first step is to make the load calculation in different 
time periods and different seasons. The typical power of appliances that provided by 
Kentucky Utility is used to estimate the total power.  
The total usage power of each appliance = typical power ×quantity×usage rate. 
The following tables display the load forecasting for different time periods and different 
seasons. For all load analysis, please refer to the Appendix.  
Table 3.1 Estimation of power at 7am to 9am in the spring and fall 
Appliance Typical Power Quantity Usage rate Total power 
Lighting 0.03kW 20×5 0.15 0.45kW 
Freezer 0.5kW 20 0.1 1kW 
Television 0.2kW 20×2 0.05 0.4kW 
Computer 0.2kW 20 0.1 0.4kW 
Burner 2.5kW 20 0.2 10kW 
Clothes washer 1kW 20 0.05 1kW 
Clothes dryer 2kW 20 0.05 2kW 
Water heater 2kW 20 0.1 4kW 
Other appliance 1kW 20 0.2 4kW 
Public equipment 3kW 1 1 3kW 
Total    26.25kW 
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Table 3.2 Estimation of power at 7am to 9am in the summer and winter 
Appliance Typical Power Quantity Usage rate Total power 
Lighting 0.03kW 20×5 0.15 0.45kW 
Freezer 0.5kW 20 0.1 1kW 
Television 0.2kW 20×2 0.05 0.4kW 
Computer 0.2kW 20 0.1 0.4kW 
Burner 2.5kW 20 0.2 10kW 
Clothes washer 1kW 20 0.05 1kW 
Clothes dryer 2kW 20 0.05 2kW 
Water heater 2kW 20 0.1 4kW 
Air condition 3kW 20 0.35 21kW 
Other appliance 1kW 20 0.2 4kW 
Public equipment 3kW 1 1 3kW 
Total    47.25kW 
  
From the load analysis, the daily load estimation plots and the monthly load estimation 
plot can be represented as Figures 3.1 and 3.2, respectively. The average power for the all 
year is 30.0kW.  
 
Figure 3.1 Daily load estimation at the spring and fall 
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Figure 3.2 Daily load estimation at the summer and winter 
3.2 The Collection of Solar Radiation Data  
 The National Aeronautics and Space Administration (NASA) provides the solar radiation 
data for Lexington, Kentucky (latitude is 38°1’ North , longitude is 84°29’ West) as the Table 
3.3.   
Table 3.3 Lexington monthly average solar radiation data 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Month Clearness Index Daily Radiation  (kWh/m2/d) 
January 0.435 1.990 
February 0.461 2.740 
March 0.509 4.000 
April 0.545 5.320 
May 0.530 5.860 
June 0.555 6.430 
July 0.552 6.230 
August 0.546 5.580 
September 0.553 4.700 
October 0.526 3.420 
November 0.464 2.260 
December 0.428 1.780 
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 From the above data, the solar radiation plot can be drawn as the Figure 3.3. The annual 
average solar radiation is 4.2 kWh/m
2
/d. 
 
Figure 3.3 Monthly solar radiation plot and Clearness Index. 
3.3 The Collection of Wind Speed Data 
 The National Oceanic and Atmospheric Administration (NOAA) provides the wind speed 
data for Lexington, Kentucky as the Table 3.4. 
Table 3.4 Lexington monthly average wind speed data 
Month Wind Speed(m/s) 
January 4.738 
February 4.738 
March 4.872 
April 4.649 
May 3.845 
June 3.532 
July 3.219 
August 3.040 
September 3.398 
October 3.621 
November 4.426 
December 4.605 
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From the above data, the wind speed plot can be drawn as the Figure 3.4. The annual 
average wind speed is 3.93m/s. 
 
Figure 3.4 Monthly wind speed plot 
3.4 The Parameter and Price of the System Component Parts  
 In this part of the thesis, the parameter and price of component parts will be introduced. 
The structure of hybrid renewable power system is shown as Figure 3.5. 
PV cells and wind turbines generate electricity for the load. The diesel generator is the 
standby power. When there is excess energy, batteries will store it. When the generated 
energy does not supply enough for the load, diesel generator will supply the electricity. The 
battery charge controllers prevent battery overcharge or overdischarge. When the DC bus 
voltage is more than Vmax-off and the current required by the load is less than the current 
generated by the PV arrays and wind generators, PV cells and wind generators will be 
disconnected from the system. When DC bus voltage is less than Vmax-on, PV cells and 
wind generators will be connected again. In order to protect the battery against excessive 
discharging, when the DC bus voltage is less than Vmin- off, the load will be disconnected. 
When the current required by the load is more than the current generated by the PV cells and 
wind generators, the load will be switched on when DC bus voltage increases above Vmin-on. 
The inverter converts generated energy from DC to AC for an AC load.  
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Figure 3.5 Structure of hybrid renewable power system 
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3.4.1 Wind Turbine 
In the thesis, the 10kW wind turbine made by Southwest Windpower will be used to build 
the hybrid renewable power system, the relationship between wind speed and power output of 
the turbine is as Table 3.5. 
Table 3.5 Relationship between wind speed and power output of Southwest Windpower 10kW wind turbine 
Wind speed(m/s) Power Output (kW) 
0.00 0.000 
3.00 0.000 
4.00 0.190 
5.00 0.370 
6.00 0.930 
7.00 1.850 
8.00 3.330 
9.00 5.190 
10.00 7.040 
11.00 8.520 
12.00 9.440 
13.00 9.810 
14.00 10.000 
15.00 10.000 
16.00 9.630 
17.00 8.890 
18.00 7.960 
19.00 7.220 
20.00 6.850 
24.00 6.670 
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Based on the above data, the Southwest Windpower 10kW wind turbine characteristic curve 
is shown in the Figure 3.6. 
 
Figure 3.6 Southwest Windpower 10 kW wind turbine characteristic curve 
 The capital cost of each Southwest Windpower 10kW wind turbine is 10000 dollars, the 
operating and maintenance cost is 200 dollars per year, the lifetime is 15 years. The quantity 
of turbines that will be considered is from 0 to 25. The cost curve of wind turbines is shown 
in the Figure 3.7. 
 
Figure 3.7 Graph showing wind turbine capacity in relation to cost. 
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3.4.2 PV Array 
In this thesis, (3-1) is used to calculate the output of the PV array:  
               
,
T
p v p v p v
T S T C
G
P Y f
G
 
  
 
 
                    (3-1) 
Where: 
YPV is the rated capacity of the PV array, meaning its power output under standard test 
conditions [kW] (PV manufacturers rate the power output of their PV modules at standard 
test conditions (STC), meaning a radiation of 1 kW/m
2
, a cell temperature of 25°C) (Naxakis, 
2013).  
fPV is the PV derating factor [%]. In this thesis, fpv is set 80%. 
TG  is the solar radiation incident on the PV array in the current time step [kW/m
2
]  
,T STCG is the incident radiation at standard test conditions [kW/m
2
]. In this thesis, 
,T STCG is 1000.  
 The capital cost of PV is 1500 dollars per kW, the operating and maintenance cost is 0, 
the lifetime is 20 years. The size of PV that will be considered is 0kW, 50kW, 100kW, 125kW, 
150kW, 175kW, 200kW, 225kW, 250kW, 275kW, 300kW, 325kW, and350kW. The cost curve 
of PV can be draw as Figure 3.8. 
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Figure 3.8 Graph showing PV energy capacity in relation to cost. 
3.4.3 Diesel Generator 
In the hybrid power system, the diesel generator is a standby power. The typical 
parameters that are used in the thesis are as follows (Homer, 2014).  
Intercept coefficient (the no-load fuel consumption of the generator divided by its rated 
capacity): 0.08 L/hr/kW 
Slope (marginal fuel consumption of the generator) : 0.25 L/ hr/kW 
Lower heating value: 43.2 
Density: 820kg/m
3
 
Carbon content: 88% 
Sulfur content: 0.33 
Lifetime: 15 years 
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 The typical efficiency curve of the diesel generator is shown as the Figure 3.9. 
 
Figure 3.9 The typical efficiency curve of the diesel generator 
 The typical emissions factors are as follows: (Homer, 2014) 
Carbon monoxide emissions factor: 6.5 g/ L of fuel 
Unburned hydrocarbons emissions factor: 0.72 g/ L of fuel 
Particulate matter emissions factor: 0.49 g/ L of fuel 
Proportion of fuel sulfur emitted as PM: 2.2 g/ L of fuel 
Nitrogen oxides emissions factor: 58 g/ L of fuel.  
 The capital cost of the typical diesel generator is 400 dollars per kW. The maintain cost is 
0.015 dollar per hour per kW. The diesel consumption is 0.25L per kWh. The diesel price is 
1.03 dollar per litre. The size of diesel generator that will be considered is 0kW, 25kW, 50kW, 
60kW, 70kW, 80kW, 90kW, 100kW. As the above data, the capital cost of diesel generator 
curve can be drawn as the Figure 3.10. 
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Figure 3.10 The capital cost of diesel generator curve 
3.4.4 Battery 
In this thesis, the ZESS50 battery that is made by ZBB company will be used to build the 
hybrid power system. The follows are some basic parameters of the battery (Homer, 2014). 
Nominal capacity: 50kWh 
Nominal voltage: 100V 
Nominal capacity: 500Ah 
Round trip efficiency: 72% 
Max charge current: 150A 
Max discharge current: 300A 
Lifetime: 30 years 
Cell stack lifetime: 10 years 
The cost of a ZESS50 battery is 8000 dollars, the cell stack replacement cost 25% of the 
capital cost. The quantity of battery that will be considered is 0, 5, 10, 11, 12, 13, 14, 15, 16, 
17, 18, 19, 20, 21, and 22. Based on the above data, the capital cost of battery curve is shown 
as the Figure 3.11.  
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 Figure 3.11 Capital cost of battery curve 
3.4.5 Converter 
Any system that contains both AC and DC elements requires a converter. A converter can 
be an inverter (DC to AC) and rectifier (AC to DC).  
In this thesis, the efficiency of inverter is set 90%, the efficiency of rectifier is set 85%, 
lifetime is 15 years. The capital cost of converter is 100 dollars per kW, the operating and 
maintenance cost is 2 dollars per kW per year. The size of converter that will be considered is 
50kW, 60kW, 70kW, 80kW, 90kW, 100kW, 110kW, and 120kW. As the above data, the 
capital cost of convert curve is shown as the Figure 3.12. 
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 Figure 3.12 The capital cost of convert curve 
3.5 The Optimization Method 
When different sizes or quantity of component parts are chosen, there will be different 
schemes of the system. Table 3.6 displays the sizes of each component that will be 
considered.  
Table 3.6: Sizes of each component that will be considered  
PV Array 
(kW) 
Wind 
turbine 
(Quantity) 
Diesel 
generator 
(kW) 
Battery 
(Quantity) 
Converter 
(kW) 
0 0 0.00 0 50.00 
50.00 1 25.00 5 60.00 
100.00 2 50.00 10 70.00 
125.00 3 60.00 11 80.00 
150.00 4 70.00 12 90.00 
175.00 5 80.00 13 100.00 
200.00 6 90.00 14 110.00 
To the max 350 To the max 25 To the max 100 To the max 22 To the max 120 
  
The following two steps will be used to select the best scheme. A software named 
“Home2” is an efficient computational tools to calculate the following equations for each 
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scheme.  
The first step: filter the qualified schemes that meet the electric requirements. The constraint 
conditions of the hybrid power system are as follows. 
1. Power balance constraints 
pv wind generator battery load unmet loss excP  P  P  P P P  P  P      （3-2） 
Where:  
Ppv is the PV array output power 
Pwind is the wind turbine output power 
Pgenerator is the generator output power 
Pbattery is the battery output power 
Pload is the load consumption power 
Punmet is the unmet power 
Ploss is the loss power 
Pexc is the excess power 
2. Power reliability constraints  
0.1%unmet
consumption
W
W
                  （3-3） 
Where: 
unmetW  is the unmet work per year 
consumptionW  is the load consumption work per year 
The second step : Rank these qualified schemes with the net present cost（NPC）.  
NPC is the present value of all the costs of installing and operating that component over the 
project lifetime, minus the present value of all the revenues that it earns over the project 
lifetime. In this thesis, the NPC will be calculated by the following equation. 
i r d o d f d dNPC  C  C f  C f  C f - S f            （3-4） 
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Where: 
Ci is the capital cost 
Cr is the replacement cost 
fd is the discount factor 
Co is the operation cost 
Cf is the fuel cost 
S is the salvage value 
The discount factor is a ratio used to calculate the present value of a cash flow that occurs in 
any year of the project lifetime. In this thesis, the fd is calculated by the following equation:  
 
1
1
d N
f
i


                    （3-5） 
Where: 
       i= real interest rate, in this thesis, i= 6% 
       N = number of years. (Black, 2002) 
 Salvage value is the value remaining in a component of the power system at the end of the 
project lifetime. This thesis assumes linear depreciation of components, meaning that the salvage 
value of a component is directly proportional to its remaining life. This thesis calculates salvage value 
using the following equation: 
rem
rep
comp
R
S C
R
 
                      （3-6） 
Where:  
Crep = replacement cost [$] 
Rrem = the remaining life of the component at the end of the project lifetime [year] 
Rcomp = component lifetime[year] 
( )rem comp proj repR R R R               （3-7） 
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Where: 
Rproj = project lifetime [year]  
Rrep, the replacement cost duration [year] 
   
p r o j
r e m c o m p
R
R R I N T
R c o m p
 
   
 
                      （3-8） 
Where: 
   INT() = a function that returns the integer amount of a real number. 
 Another economic indicators used in this thesis is the levelized cost of energy (COE). 
COE is the average cost per kWh of useful electrical energy produced by the system. To 
calculate the COE, this thesis divides the annualized cost of producing electricity by the total 
electric load served, using the following equation:  
,ann tot
comsumption
C
COE
W

                  （3-9） 
Where: 
Cann,tot = total annualized cost of the system [$/year], is calculate by the following equation 
                , ,a n n t o t p r o jC C R F i R N P C                 （3-10） 
Where: 
  CRF() = a function returning the capital recovery factor 
 The capital recovery factor (CRF) is a ratio used to calculate the present value of an 
annuity. The equation for the capital recovery factor is : 
(1 )
( , )
(1 ) 1
N
N
i i
CRF I N
i


 
）              （3-11） 
Where: 
i= real interest rate, in this thesis, i= 6% 
N = number of years, in this thesis, the project lifetime is 25 years. (Black, 2002) 
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Chapter IV: Findings 
4.1 Comparison of Solutions 
 The computer uses equations (3-1) to (3-10) to calculate the parameters of all options, the 
results are as follows. 
1. Pv-Wind-Diesel-Battery Hybrid Power System Solutions 
Table 4-1 shows part of options that meet the electric requirement, they are ranked by the 
NPC. 
Table 4-1 Options analysis for PV-wind-diesel-battery system 
PV 
(kW) 
Wind 
Turbine 
(10kW) 
Diesel 
generator
（kW） 
Battery 
(50kWh) 
Converter 
（kW） 
Total NPC 
($) 
COE 
($/kWh) 
200 13 60 17 100 933,629 0.278 
225 11 60 16 100 937,274 0.279 
225 12 60 16 100 937,416 0.279 
225 12 60 15 100 938,589 0.28 
200 14 60 17 110 938,726 0.28 
200 13 60 17 90 938,803 0.28 
200 15 60 15 120 938,859 0.28 
175 16 60 16 100 939,444 0.28 
225 11 60 15 100 939,647 0.28 
200 15 60 15 90 939,755 0.28 
200 15 60 16 110 939,874 0.28 
200 14 60 17 120 940,321 0.28 
175 16 60 16 110 940,357 0.28 
200 15 60 17 100 941,752 0.28 
175 16 60 16 120 941,953 0.281 
225 12 60 15 120 941,995 0.281 
200 11 60 17 100 942,048 0.281 
175 16 60 16 90 943,466 0.281 
200 11 60 17 110 943,702 0.281 
225 12 60 16 90 945,160 0.281 
175 15 60 17 110 945,227 0.281 
40 
 
 
 
200 16 60 17 110 945,234 0.281 
175 18 60 16 110 946,232 0.282 
200 13 60 18 90 946,294 0.282 
225 11 60 14 100 946,361 0.282 
225 10 60 17 120 946,435 0.282 
200 17 60 15 100 946,519 0.282 
225 11 60 18 120 946,556 0.282 
225 9 60 18 100 948,492 0.282 
175 16 60 17 110 948,830 0.283 
175 16 70 16 100 948,851 0.283 
225 14 60 16 110 948,941 0.283 
175 15 70 16 110 948,956 0.283 
225 12 60 14 120 950,119 0.283 
225 9 60 18 110 950,135 0.283 
250 11 60 15 100 950,799 0.283 
225 13 60 18 110 950,858 0.283 
225 15 60 15 100 950,896 0.283 
250 10 60 15 100 950,896 0.283 
250 10 60 16 110 951,559 0.283 
 
From the results, the option of PV 200kW, wind turbine 13×10 kW, diesel generator 60kW, 
Battery 17×50kWh, Converter 100kW has the lowest NPC and COE, it is the best of all 
PV-wind-diesel-battery hybrid power system schemes. For convenience, name this option 
“scheme PWDB” in this thesis. Table 4.2 shows the production proportion calculated by the 
simulator. The proportion of renewable power is 81%, which means this system can reduce 
the pollutant emissions immensely.  
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Table 4.2 Production proportion of scheme PWDB. 
Production KWh/year % 
PV array 273,684 59 
Wind turbines 152,611 33 
Diesel generator 40,423 9 
Total 466,717 100 
 The monthly average electric production of scheme PWDB is shown as the Figure 4.1. 
From the plot, the complementarity of solar and wind is obvious in different months. In the 
winter, the wind power is big, the solar power is small. In the summer, the situation is the 
inverse. 
 
 
Figure 4.1 Monthly average electric production of scheme PWDB. 
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Table 4.2 shows the power supply quality of scheme PWDB, which is calculated by the 
simulator. The unmet electric load and capacity shortage proportion are less than 0.1%, which 
means the power supply quality is really good. But excess electricity proportion is as high as 
29.2% because of the instability of solar and wind.  
Table 4.2 Power supply quality of scheme PWDB 
 
kWh/year % 
Load Consumption 262,684 100 
Excess electricity 136,346 29.2 
Unmet electric load 116 0 
Capacity shortage 246 0.1 
 Table 4.3 shows the cost summary of scheme PWDB. The computed results consider the 
discount factor. From the cost summary, the capital cost of PV and wind turbine is much more 
than diesel generator, which is the reason why renewable power generation system has a high 
cost. 
Table 4.3 Cost summary of scheme PWDB 
Component 
Capital 
($) 
Replacement 
($) 
Operation 
and 
maintain 
($) 
Fuel  
($) 
Salvage 
 ($) 
Total  
($) 
PV 300,000 93,542 0 0 -52,425 341,117 
Wind 
turbine  
130,000 54,245 33,237 0 -10,097 207,385 
Diesel 
Generator  
24,000 7,044 8,203 178,122 -4,539 212,831 
Battery 136,000 29,587 0 0 -9,242 156,345 
Converter 10,000 4,173 2,557 0 -777 15,953 
System 600,000 188,590 43,996 178,122 -77,079 933,629 
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Based on the above data, Figure 4.2 shows the cost summary plot with components, figure 
4.3 shows the cost summary plot with types. 
 
             PV           Wind turbine      Diesel generator     Battery      Converter 
 
Figure 4.2 Cost summary plot with components 
 
 
Figure 4.3Cost summary plot with types 
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2. PV-Diesel-Battery Hybrid Power System Solutions 
Table 4.4 shows part of PV-diesel-battery hybrid power system options that meet the 
electric requirement, they are ranked by the NPC. 
Table 4.4 Options analysis for PV -diesel-battery system 
PV kW 
Diesel 
generator 
kW 
Battery 
50kWh 
Converter 
kW 
Total NPC $ COE$/kWh 
250 60 19 100 1,056,531 0.315 
250 60 19 110 1,058,820 0.315 
250 60 19 90 1,059,469 0.316 
250 60 19 120 1,060,415 0.316 
250 60 17 100 1,061,209 0.316 
250 60 18 100 1,061,859 0.316 
250 60 17 90 1,062,819 0.317 
250 60 20 110 1,065,624 0.317 
250 60 18 120 1,066,053 0.317 
275 70 20 100 1,066,122 0.317 
250 60 16 100 1,066,566 0.318 
250 60 21 110 1,066,665 0.318 
250 60 20 120 1,067,220 0.318 
300 70 20 100 1,067,483 0.318 
250 60 20 90 1,067,963 0.318 
250 60 21 120 1,068,260 0.318 
275 70 21 110 1,068,493 0.318 
275 70 19 100 1,068,527 0.318 
250 60 16 110 1,068,861 0.318 
250 60 22 100 1,069,953 0.319 
275 70 21 120 1,070,089 0.319 
250 60 16 120 1,070,456 0.319 
275 70 19 120 1,073,396 0.32 
250 60 22 120 1,073,531 0.32 
250 60 21 90 1,073,654 0.32 
300 70 21 120 1,074,082 0.32 
275 70 21 90 1,074,572 0.32 
300 70 18 100 1,075,641 0.32 
250 60 22 90 1,076,502 0.321 
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300 70 20 90 1,076,995 0.321 
275 70 22 120 1,077,198 0.321 
250 70 21 100 1,077,387 0.321 
300 70 17 100 1,078,893 0.321 
300 70 22 110 1,078,920 0.321 
325 70 22 100 1,079,927 0.321 
275 70 18 90 1,080,116 0.322 
275 70 18 120 1,080,134 0.322 
300 70 18 120 1,080,400 0.322 
300 70 22 120 1,080,516 0.322 
300 70 17 110 1,080,564 0.322 
325 70 22 120 1,082,765 0.322 
325 70 20 120 1,082,983 0.322 
275 80 22 100 1,083,038 0.322 
325 70 21 110 1,083,106 0.322 
250 60 17 80 1,083,150 0.323 
275 70 17 100 1,083,400 0.323 
300 80 22 100 1,083,534 0.323 
275 80 21 100 1,086,439 0.323 
250 60 15 90 1,086,523 0.324 
300 80 21 110 1,086,527 0.323 
300 80 22 120 1,086,662 0.323 
250 70 17 100 1,086,755 0.324 
300 80 19 100 1,086,788 0.324 
275 80 20 100 1,090,063 0.324 
325 80 22 120 1,093,120 0.325 
275 80 22 90 1,093,143 0.325 
325 70 19 90 1,093,371 0.325 
 
From the results, the option of PV 250kW, diesel generator 60kW, Battery 19×50kWh, 
Converter 100kW has the lowest NPC and COE, it is the best of all PV-diesel-battery hybrid 
power system schemes. Name this option “scheme PDB” in this thesis. Table 4.5 shows the 
production proportion of this system. 
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Table 4.5 Production proportion of this system. 
Production kWh/year % contribution 
PV array 342,189 80 
Diesel generator 85,805 20 
Total 427,993 100 
 
The monthly average electric production of scheme PDB is shown as the Figure 4.4. From 
the plot, it can be found that the system will consume lots of diesel in the winter, because the 
air conditions need much power but the solar radiation is low in the cold weather.  
 
 
Figure 4.4 Monthly average electric production of scheme PDB 
 
Table 4.6 shows the power supply quality of scheme PDB. The unmet electric load and 
capacity shortage proportion are less than 0.1%, the  excess electricity proportion is 20.1%. 
Table 4.6 Power supply quality of scheme PDB 
 
kWh/year % 
Load consumption 262,689 100 
Excess electricity 85,907 20.1 
Unmet electric load 111 0 
Capacity shortage 187 0.1 
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Table 4.6 shows the cost summary of scheme PDB. Figure 4.5 shows the cost summary 
plot with components, Figure 4.6 shows the cost summary plot with types.  
 
PV          Diesel generator          Battery             Converter 
 
Figure 4.5 Cost summary plot with components 
 
 
 
Figure 4.6 Cost summary plot with types. 
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3. Wind-diesel-battery hybrid power system solutions 
Table 4.7 shows a part of wind-diesel-battery options that meet the electric requirement, 
they are ranked by the NPC. 
Table 4.7 Options analysis for PV-wind-diesel-battery system 
Wind 
turbine 
10kW 
Diesel 
Generator 
kW 
Batter 
50kWh 
Converter 
kW 
Total NPC 
$ 
COE 
$/kWh 
25 70 20 90 1,229,193 0.366 
25 70 20 100 1,230,241 0.366 
25 70 21 90 1,230,284 0.366 
25 70 21 100 1,230,904 0.367 
25 70 20 110 1,231,836 0.367 
25 70 21 110 1,232,499 0.367 
25 70 21 80 1,232,668 0.367 
25 70 22 100 1,233,147 0.367 
25 70 20 120 1,233,431 0.367 
24 70 22 100 1,233,602 0.367 
25 70 20 80 1,233,788 0.367 
25 70 21 120 1,234,094 0.368 
25 70 22 110 1,234,742 0.368 
22 70 20 90 1,241,873 0.37 
23 70 22 100 1,243,579 0.37 
22 70 19 100 1,243,830 0.37 
22 70 20 100 1,244,035 0.37 
23 70 22 80 1,244,828 0.371 
23 70 22 110 1,245,174 0.371 
22 70 19 110 1,245,425 0.371 
22 70 20 110 1,245,631 0.371 
22 70 20 80 1,245,787 0.371 
23 70 22 90 1,246,071 0.371 
23 70 22 120 1,246,769 0.371 
22 70 21 120 1,250,773 0.372 
22 70 22 100 1,251,043 0.373 
21 70 19 90 1,251,207 0.373 
22 70 22 120 1,254,233 0.373 
21 70 19 80 1,254,338 0.373 
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24 80 22 100 1,254,440 0.373 
21 70 20 100 1,254,491 0.374 
25 80 22 110 1,254,542 0.373 
24 80 19 100 1,254,598 0.373 
24 80 22 90 1,254,646 0.373 
21 70 19 110 1,255,056 0.374 
25 80 19 80 1,255,406 0.374 
24 80 19 90 1,256,997 0.374 
25 80 21 120 1,257,153 0.374 
24 80 20 90 1,257,470 0.374 
24 80 22 120 1,257,630 0.374 
21 70 20 120 1,257,681 0.375 
24 80 19 120 1,257,788 0.374 
25 80 18 100 1,258,050 0.374 
24 80 20 110 1,258,235 0.375 
25 80 18 80 1,258,283 0.375 
21 70 22 80 1,258,292 0.375 
24 80 21 90 1,258,532 0.375 
20 70 19 80 1,258,560 0.375 
25 80 17 90 1,263,419 0.376 
21 70 22 120 1,263,537 0.376 
20 70 21 110 1,263,587 0.376 
22 80 20 110 1,264,460 0.376 
24 80 17 80 1,264,472 0.376 
From the results, the option wind turbine 20×10 kW, diesel generator 70kW, Battery 
20×50kWh, Converter 90kW has the lowest NPC and COE, it is the best wind-diesel-battery 
hybrid power system scheme. In this thesis, this option is named “scheme WDB”. Table 4.8 
shows the production proportion. Because the wind resource is not very adequate in Kentucky, 
the proportion of wind power in WDB system is lower than the proportion of solar in PDB 
system.  
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Table 4.8 Production proportion of schemes PWDB 
Production kWh/year % 
Wind turbines 293,482 70 
Diesel 124,921 30 
Total 418,403 100 
The monthly average electric production of scheme WDB is shown as the Figure 4.7. 
Compare Figure 4.4 and 4.7, it can be found that the stability of solar is better than wind.  
 
 
Figure 4.7 Monthly average electric production of scheme WDB 
Table 4.9 displays the power supply quality of scheme WDB. The unmet electric load and 
capacity shortage proportion are less than 0.1%, which meet the electric requirements. The 
excess electricity proportion is 16.9%.  
Table 4.9 Power supply quality of scheme WDB 
 
kWh/year % 
Load consumption 262,702 100 
Excess electricity 70,540 16.9 
Unmet electric load 97.8 0 
Capacity shortage 253 0.1 
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Table 4.10 shows the cost summary of scheme WDB. The discount factor is calculated in 
the results. 
Table 4.10 Cost summary of scheme WDB 
Component 
Capital 
($) 
Replacement 
($) 
O&M 
($) 
Fuel ($) 
Salvage 
($) 
Total 
($) 
Wind 
turbine 
10kW 
250,000 104,316 63,917 0 -19,417 398,817 
Diesel 
Generator 
28,000 35,460 25,127 549,239 -5,741 632,084 
Battery 160,000 34,808 0 0 -10,873 183,935 
Converter 9,000 3,755 2,301 0 -699 14,357 
System 447,000 178,340 91,345 549,239 -36,730 1,229,193 
 
Based on the above cost, Figure 4.8 shows the cost summary plot with components, Figure 
4.9 shows the cost summary plot with types. 
 
 
 
Figure 4.8 Cost summary plot with components 
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Figure 4.9 Cost summary plot with types 
 
4. Diesel-Battery Power System 
Table 4.11 shows a part of diesel-battery options that meet the electricity requirement, they 
are ranked by the NPC. 
Table 4.11 Options analysis for PV-wind-diesel-battery system 
Diesel 
Generator 
kW 
Battery  
50kWh 
Converter 
kW 
Total 
Capital 
Cost 
$ 
Total NPC$ 
COE 
$/kWh 
50 10 50 105,000 1,608,399 0.479 
60 5 50 69,000 1,631,943 0.486 
70 5 50 73,000 1,707,336 0.508 
50 20 100 190,000 1,707,829 0.508 
60 12 90 129,000 1,708,287 0.508 
70 5 70 75,000 1,708,886 0.509 
50 21 50 193,000 1,709,371 0.509 
50 20 110 191,000 1,709,424 0.509 
60 12 100 130,000 1,709,882 0.509 
50 21 60 194,000 1,710,359 0.509 
70 5 80 76,000 1,710,482 0.509 
50 20 120 192,000 1,711,020 0.509 
60 13 50 133,000 1,711,382 0.509 
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60 12 110 131,000 1,711,478 0.509 
70 5 90 77,000 1,712,077 0.51 
60 13 60 134,000 1,713,029 0.51 
60 12 120 132,000 1,713,073 0.51 
50 21 70 195,000 1,713,177 0.51 
70 5 100 78,000 1,713,672 0.51 
50 21 80 196,000 1,713,714 0.51 
60 13 70 135,000 1,714,901 0.51 
70 5 110 79,000 1,715,267 0.511 
50 21 90 197,000 1,715,309 0.511 
60 13 80 136,000 1,716,496 0.511 
70 5 120 80,000 1,716,863 0.511 
 
From the results, the option of diesel generator 50kW, Battery 10×50kWh, Converter 
50kW is the best of all diesel-battery power system schemes. Name this option “scheme DB” in 
this thesis.  
Table 4.12 shows the power supply quality of scheme DB. The unmet electric load is 
0.0079%, capacity shortage proportion are less than 0.0116%. The excess electricity proportion 
is as low as 0%, because the diesel generator has a much better controllability than renewable 
generation. 
Table 4.12 Power supply quality of scheme DB 
 
kWh/year % 
Load consumption 262,779 100 
Excess electricity 0.0019 0 
Unmet electric load 20.6 0.0079 
Capacity shortage 30.4 0.0116 
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Table 4.13 shows the cost summary of scheme DB. The capital cost of DB scheme is 
lowest, but the fuel cost is huge, which means this scheme is a good choice for short period 
system.  
Table 4.13Cost summary of scheme DB 
Component 
Capital 
($) 
Replacement 
($) 
O&M 
($) 
Fuel  
($) 
Salvage 
($) 
Total 
 ($) 
Generator 20,000 99,346 58,963 1,333,642 -3,495 1,508,455 
Battery 80,000 17,404 0 0 -5,437 91,967 
Converter 5,000 2,086 1,278 0 -388 7,976 
System 105,000 118,836 60,242 1,333,642 -9,320 1,608,399 
 
Figure 4.12 shows the cost summary plot with components, Figure 4.13 shows the cost 
summary plot with types. 
 
 
               Diesel generator           Battery                Converter 
 
Figure 4.12 Cost summary plot with components 
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Figure 4.13 Cost summary plot with types 
 Table 4.14 displays the cost comparison of the above four kinds of system. 
PV-wind-diesel-battery hybrid power system has the highest capital cost, because the PV 
arrays and wind turbines are expensive, but it’s fuel cost is lowest. Assume the lifetime of the 
power project is 25 years, the PV-wind-diesel-battery hybrid power system has the lowest total 
NPC and COE. Because of the complementarity of solar and wind, the PV-wind-diesel-battery 
hybrid power system has a better economic effect than PV-diesel-battery hybrid power system 
and wind-diesel-battery hybrid power system. What’s more, PV-wind-diesel-battery system 
has the highest renewable fraction, which means it has the lowest pollutant emissions. As a 
consequence, the hybrid power system that constitutes of 200kW PV, 13×10 kW wind turbine, 
60kW diesel generator, 17×50kWh Battery and 100kW Converter is the optimal choice for the 
20 households in Lexington, Kentucky. 
Table 4.14 Cost summary of the four types of hybrid power systems 
 
PV Wind DG Battery Conv 
Total 
Capital 
Cost 
Total NPC 
Total 
O&M Cost 
Total Fuel 
Cost 
COE 
Unit kW 
30 
kW 
kW 50kWh kW $ $ $/yr $/yr $/kWh 
PWDB 200 13 60 17 100 600,000 933,629 3,442 13,934 0.278 
PDB 275 0 60 19 100 598,500 1,050,369 1,420 26,282 0.313 
WDB 0 25 70 20 90 447,000 1,229,193 7,146 42,965 0.366 
DB 0 0 50 10 50 105,000 1,608,399 4,713 104,326 0.479 
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4.2 The Simulation of the Optimal Hybrid Energy System 
 Based on the load analysis, solar and wind resource data analysis, and system components 
analysis in chapter three, put these data in the “home2” software, it outputs the simulation 
results of the hybrid power system that constitutes of 200kW PV, 13×10 kW wind turbine, 
60kW diesel generator, 17×50kWh Battery and 100kW Converter . 
1. PV Operation Simulation 
Table 4.15 displays the PV run statistics, Figure 4.14 displays the PV output plot. 
Table 4.15 PV run statistics 
Quantity Value Units 
Total production 273,684 kWh/year 
Mean output power 31 kW 
Mean output work 750 kWh/day 
Minimum output 0 kW 
Maximum output 208 kW 
Hours of operation 4,378 hour/year 
 
 
Figure 4.14 PV output plot 
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2. Wind turbine operation simulation 
Table 4.16 displays the wind turbine run statistics, Figure 4.15 display the wind turbine 
output plot. 
Table 4.16 Wind turbine run statistics 
Variable Value Units 
Total production 152,611 kWh/year 
Mean output 17.4 kW 
Minimum output 0.00 kW 
Maximum output 130 kW 
Hours of operation 5,027 hour/year 
 
 
Figure 4.15 Wind turbine output plot 
3. Diesel generator operation simulation 
Table 4.17 shows the diesel generator run statistics, Figure 4.16 displays the diesel 
generator output plot. 
Table 4.17 Diesel generator run statistics 
Variable   Value Units 
Electrical production 40,423 kWh/year 
Hours of operation 713 hour/year 
Fuel consumption 13,528 L/year 
Mean electrical efficiency 30.4 % 
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Figure 4.16 The diesel generator output plot 
4. Battery Operation Simulation 
Table 4.17 shows the battery run statistics, Figure 4.16 displays the battery run plot. 
Table 4.17 Battery run statistics 
Quantity Value Units 
Energy in 142,864 kWh/year 
Energy out 103,223 kWh/year 
Storage depletion 425 kWh/year 
Losses 39,217 kWh/year 
   
 
Figure 4.16 Battery run plot 
5. System Operation Simulation Time Series Plot 
Due to the limited space, this thesis displays the system operation simulation time series 
plot of first week in each month. The following plot is for the first week of January. The rest 
of plots are in Appendix.  
 The negative battery input value means battery output. The plot meets the following 
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equation. 
Pload conxumner=PPV + Pwind+Pdiesel generator-Pbattery input 
The red line is load consumption, the yollow line is PV array power, the green line is wind 
turbine power ,the black line is diesel generator power, the bule line is battery input power.  
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Figure 4.17 System operation simulation time series plot 
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6. Cash Flow Simulation for Hybrid Energy System 
Based on the capital cost, fuel and operation cost, replacement cost, and salvage, the cash 
flow plot is drawn as Figure 4.18. 
 
Figure 4.18 Cash flow  
7. Pollutant Emissions Simulation 
The data of typical diesel pollutant emissions are as follows.  
Carbon monoxide emissions factor:  6.5 g/ L of fuel.  
Unburned hydrocarbons emissions factor: 0.72 g/ L of fuel.  
Particulate matter emissions factor: 0.49 g/ L of fuel.  
Proportion of fuel sulfur emitted as PM: 2.2 g/ L of fuel.  
Nitrogen oxides emissions factor: 58 g/ L of fuel. (Home, 2014) 
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If the diesel generator is used to supply electricity for the 20 households in Lexington 
Kentucky, the pollutant emissions is shown as the Table 4.19. If the optimal 
PV-wind-diesel-battery hybrid power system that designed in this thesis supply electricity for 
the same load, the pollutant emissions is shown as the Table 4.20. The comparison proves 
that the power system designed in this thesis is a very good way to alleviate the global 
pollution problem.  
Table 4.19 The diesel generator pollutant emissions 
Pollutant 
Emissions 
(kg/year) 
Carbon dioxide 266,724 
Carbon monoxide 658 
Unburned hydrocarbons 72.9 
Particulate matter 49.6 
Sulfur dioxide 536 
Nitrogen oxides 5,875 
 
Table 4.20 The optimal PV-wind-diesel-battery system pollutant emissions 
Pollutant 
Emissions 
(kg/year) 
Carbon dioxide 35,624 
Carbon monoxide 87.9 
Unburned hydrocarbons 9.74 
Particulate matter 6.63 
Sulfur dioxide 71.5 
Nitrogen oxides 785 
The simulation shows that the system designed in this thesis runs well. The 
complementarity of solar and wind reduce the working time of diesel generator. The battery 
bank is charged and discharged correctly, which save the excess generated energy. The hybrid 
renewable power system has good electric quality and reliability, it can supply the 20 
households electricity well. The research proves the feasibility of hybrid renewable power 
system in Lexington, Kentucky. 
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Chapter V: Concluding Remarks 
5.1 Summary 
In this thesis, a hybrid renewable power system is designed to supply electricity for 20 
households in Lexington, Kentucky. Firstly, the load analysis is made in different time periods 
and different seasons. Secondly, the solar and wind speed data is collected. Thirdly, the 
structure of hybrid renewable power system is built and the parameter and price of component 
parts are discussed. Fourthly, different sizes or quantity of component parts form different 
schemes of the system. Then, the optimization method is introduced, the first step is to filter the 
qualified schemes that meet the requirements of system operation, the second step is to rank 
these qualified schemes with the net present cost.  
From the results of the analysis, compared with sole renewable power system, 
PV-wind-diesel-battery hybrid power system has a good power supply quality and the lowest 
total NPC, COE. Because of the complementarity of solar and wind, the 
PV-wind-diesel-battery hybrid power system has a better economic effect than 
PV-diesel-battery hybrid power system and wind-diesel-battery hybrid power system. As a 
consequence, the hybrid power system that constitutes of 200kW PV, 13×10 kW wind turbine, 
60kW diesel generator, 17×50 kWh Battery and 100kW Converter is the optimal choice for the 
20 households in Lexington, Kentucky. From the result of simulation, this system meets the 
electric requirements well. 
In the thesis, this hybrid renewable power generation system has been proved to meet the 
remote place off-grid electricity requirements. For some places where storms and other 
catastrophic events cause long-term power outages from grid power, this hybrid renewable 
power generation system is a good way to supply the electricity. What is more, in order to 
control the global warming and reduce the pollutant emissions, changing fuel power generation 
to renewable power generation is significant. Diesel generator is always the alternate energy 
solutions and power supply solutions of islands. But the diesel generator has a big problem of 
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pollutant emissions. The pollutant emission comparison between diesel system and hybrid 
system (refer to Table 4.19 and Table 4.20) proves that the power system designed in this 
thesis is a very good way to alleviate the global pollution problem. 
5.2 Recommendations 
1. In this thesis, the load analysis is the predicted value. If the administration of power supply 
can offer the real load data, the research will be more accuracy. 
2.  In the simulation section, the statistical solar and wind speed data is used. If the real time 
weather data is used to make the simulation, the results will have better persuasion. 
3. In this thesis, alternative schemes are analyzed and compared on the aspects of power 
supply quality and economical efficiency. Besides, the factors of noise pollution, ecological 
influence and occupied area should also be considered in the future research.  
4.  Different places have different solar and wind situations. The research should be done for 
more places in different resource situations.  
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Appendix 
The following tables display the load forecasting for 20 household in Lexington, KY. 
Table 3.1 Estimation of power at 7am to 9am in the spring and fall 
Appliance Typical Power Quantity Usage rate Total power 
Lighting 0.03kW 20×5 0.15 0.45kW 
Freezer 0.5kW 20 0.1 1kW 
Television 0.2kW 20×2 0.05 0.4kW 
Computer 0.2kW 20 0.1 0.4kW 
Burner 2.5kW 20 0.2 10kW 
Clothes washer 1kW 20 0.05 1kW 
Clothes dryer 2kW 20 0.05 2kW 
Water heater 2kW 20 0.1 4kW 
Other appliance 1kW 20 0.2 4kW 
Public equipment 3kW 1 1 3kW 
Total    26.25kW 
 
Table 3.2 Estimation of power at 9am to 11am in the spring and fall 
Appliance Typical Power Quantity Usage rate Total power 
Lighting 0.03kW 20×5 0.08 0.25kW  
Freezer 0.5kW 20 0.1 1kW 
Television 0.2kW 20×2 0.05 0.4kW 
Computer 0.2kW 20 0.1 0.4kW 
Burner 2.5kW 20 0.06 3kW 
Clothes washer 1kW 20 0.05 1kW 
Clothes dryer 2kW 20 0.05 2kW 
Water heater 2kW 20 0.05 2kW 
Other appliance  1kW 20 0.2 4kW 
Public equipment 3kW 1 1 3kW 
Total    17.05kW 
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Table 3.3 Estimation of power at 11am to 1pm in the spring and fall 
Appliance Typical Power Quantity Usage rate Total power 
Lighting 0.03kW 20×5 0.1 0.3kW  
Freezer 0.5kW 20 0.1 1kW 
Television 0.2kW 20×2 0.1 0.8kW 
Computer 0.2kW 20 0.1 0.4kW 
Burner 2.5kW 20 0.2 10kW 
Clothes washer 1kW 20 0.05 1kW 
Clothes dryer 2kW 20 0.05 2kW 
Water heater 2kW 20 0.1 4kW 
Other appliance  1kW 20 0.2 4kW 
Public equipment 3kW 1 1 3kW 
Total    26.5kW 
 
Table 3.4 Estimation of power at 1pm to 5am in the spring and fall 
Appliance Typical Power Quantity Usage rate Total power 
Lighting 0.03kW 20×5 0.08 0.25kW  
Freezer 0.5kW 20 0.1 1kW 
Television 0.2kW 20×2 0.05 0.4kW 
Computer 0.2kW 20 0.1 0.4kW 
Burner 2.5kW 20 0.06 3kW 
Clothes washer 1kW 20 0.05 1kW 
Clothes dryer 2kW 20 0.05 2kW 
Water heater 2kW 20 0.05 2kW 
Other appliance  1kW 20 0.2 4kW 
Public equipment 3kW 1 1 3kW 
Total    17.05kW 
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Table 3.5 Estimation of power at 5pm to 7pm in the spring and fall 
Appliance Typical Power Quantity Usage rate Total power 
Lighting 0.03kW 20×5 0.3 0.9kW  
Freezer 0.5kW 20 0.1 1kW 
Television 0.2kW 20×2 0.1 0.8kW 
Computer 0.2kW 20 0.1 0.4kW 
Burner 2.5kW 20 0.2 10kW 
Clothes washer 1kW 20 0.05 1kW 
Clothes dryer 2kW 20 0.05 2kW 
Water heater 2kW 20 0.1 4kW 
Other appliance  1kW 20 0.2 4kW 
Public equipment 3kW 1 1 3kW 
Total    27.1kW 
 
Table 3.6 Estimation of power at 7pm to 11pm in the spring and fall 
Appliance Typical Power Quantity Usage rate Total power 
Lighting 0.03kW 20×5 0.6 1.8kW  
Freezer 0.5kW 20 0.1 1kW 
Television 0.2kW 20×2 0.5 4kW 
Computer 0.2kW 20 0.4 1.6kW 
Burner 2.5kW 20 0.1 5kW 
Clothes washer 1kW 20 0.05 1kW 
Clothes dryer 2kW 20 0.05 2kW 
Water heater 2kW 20 0.1 4kW 
Other appliance  1kW 20 0.2 4kW 
Public equipment 3kW 1 1 3kW 
Total    27.4kW 
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Table 3.7 Estimation of power at 11pm to 7am in the spring and fall 
Appliance Typical Power Quantity Usage rate Total power 
Lighting 0.03kW 20×5 0.05 0.15kW  
Freezer 0.5kW 20 0.1 1kW 
Television 0.2kW 20×2 0.05 0.4kW 
Computer 0.2kW 20 0.05 0.2kW 
Burner 2.5kW 20 0.006 0.3kW 
Clothes washer 1kW 20 0.025 0.5kW 
Clothes dryer 2kW 20 0.025 1kW 
Water heater 2kW 20 0.05 2kW 
Other appliance  1kW 20 0.05 1kW 
Public equipment 3kW 1 1 3kW 
Total    9.55kW 
 
Table 3.8 Estimation of power at 7am to 9am in the summer and winter 
Appliance Typical Power Quantity Usage rate Total power 
Lighting 0.03kW 20×5 0.15 0.45kW  
Freezer 0.5kW 20 0.1 1kW 
Television 0.2kW 20×2 0.05 0.4kW 
Computer 0.2kW 20 0.1 0.4kW 
Burner 2.5kW 20 0.2 10kW 
Clothes washer 1kW 20 0.05 1kW 
Clothes dryer 2kW 20 0.05 2kW 
Water heater 2kW 20 0.1 4kW 
Air condition 3kW 20  0.35 21kW 
Other appliance  1kW 20 0.2 4kW 
Public equipment 3kW 1 1 3kW 
Total    47.25kW 
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Table 3.9 Estimation of power at 9am to 11am in the summer and winter 
Appliance Typical Power Quantity Usage rate Total power 
Lighting 0.03kW 20×5 0.08 0.25kW  
Freezer 0.5kW 20 0.1 1kW 
Television 0.2kW 20×2 0.05 0.4kW 
Computer 0.2kW 20 0.1 0.4kW 
Burner 2.5kW 20 0.06 3kW 
Clothes washer 1kW 20 0.05 1kW 
Clothes dryer 2kW 20 0.05 2kW 
Water heater 2kW 20 0.05 2kW 
Other appliance  1kW 20 0.2 4kW 
Air condition 3kW 20  0.35 21kW 
Public equipment 3kW 1 1 3kW 
Total    38.05kW 
  
Table 3.10 Estimation of power at 11am to 1pm in the summer and winter 
Appliance Typical Power Quantity Usage rate Total power 
Lighting 0.03kW 20×5 0.1 0.3kW  
Freezer 0.5kW 20 0.1 1kW 
Television 0.2kW 20×2 0.1 0.8kW 
Computer 0.2kW 20 0.1 0.4kW 
Burner 2.5kW 20 0.2 10kW 
Clothes washer 1kW 20 0.05 1kW 
Clothes dryer 2kW 20 0.05 2kW 
Water heater 2kW 20 0.1 4kW 
Air condition 3kW 10  0.7 21kW 
Other appliance  1kW 20 0.2 4kW 
Public equipment 3kW 1 1 3kW 
Total    47.5kW 
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Table 3.11 Estimation of power at 1pm to 5pm in the summer and winter 
Appliance Typical Power Quantity Usage rate Total power 
Lighting 0.03kW 20×5 0.08 0.25kW  
Freezer 0.5kW 20 0.1 1kW 
Television 0.2kW 20×2 0.05 0.4kW 
Computer 0.2kW 20 0.1 0.4kW 
Burner 2.5kW 20 0.06 3kW 
Clothes washer 1kW 20 0.05 1kW 
Clothes dryer 2kW 20 0.05 2kW 
Water heater 2kW 20 0.05 2kW 
Other appliance  1kW 20 0.2 4kW 
Air condition 3kW 20  0.35 21kW 
Public equipment 3kW 1 1 3kW 
Total    38.05kW 
 
Table 3.12 Estimation of power at 5pm to 7pm in the summer and winter 
Appliance Typical Power Quantity Usage rate Total power 
Lighting 0.03kW 20×5 0.3 0.9kW  
Freezer 0.5kW 20 0.1 1kW 
Television 0.2kW 20×2 0.1 0.8kW 
Computer 0.2kW 20 0.1 0.4kW 
Burner 2.5kW 20 0.2 10kW 
Clothes washer 1kW 20 0.05 1kW 
Clothes dryer 2kW 20 0.05 2kW 
Water heater 2kW 20 0.1 4kW 
Air condition 3kW 20  0.4 24kW 
Other appliance  1kW 20 0.2 4kW 
Public equipment 3kW 1 1 3kW 
Total    51.1kW 
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Table 3.13 Estimation of power at 7pm to 11pm in the summer and winter 
Appliance Typical Power Quantity Usage rate Total power 
Lighting 0.03kW 20×5 0.6 1.8kW  
Freezer 0.5kW 20 0.1 1kW 
Television 0.2kW 20×2 0.5 4kW 
Computer 0.2kW 20 0.4 1.6kW 
Burner 2.5kW 20 0.1 5kW 
Clothes washer 1kW 20 0.05 1kW 
Clothes dryer 2kW 20 0.05 2kW 
Water heater 2kW 20 0.1 4kW 
Air condition 3kW 10  0.8 24kW 
Other appliance  1kW 20 0.2 4kW 
Public equipment 3kW 1 1 3kW 
Total    51.4kW 
 
Table 3.14 Estimation of power at 11pm to 7am in the summer and winter 
Appliance Typical Power Quantity Usage rate Total power 
Lighting 0.03kW 20×5 0.05 0.15kW  
Freezer 0.5kW 20 0.1 1kW 
Television 0.2kW 20×2 0.05 0.4kW 
Computer 0.2kW 20 0.05 0.2kW 
Burner 2.5kW 20 0.006 0.3kW 
Clothes washer 1kW 20 0.025 0.5kW 
Clothes dryer 2kW 20 0.025 1kW 
Water heater 2kW 20 0.05 2kW 
Air condition 3kW 10  0.8 24kW 
Other appliance  1kW 20 0.05 1kW 
Public equipment 3kW 1 1 3kW 
Total    33.55kW 
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System operation simulation time series plot 
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